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Probing the Functional Role of Threonine- 1 1 3 of Escherichia coli Dihydrofolate 
Reductase for Its Effect on Turnover Efficiency, Catalysis, and Binding+ 
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ABSTRACT: The role of Thr- 1 13 of Escherichia coli dihydrofolate reductase in binding and catalysis was 
probed by amino acid substitution. Thr-113, a strictly conserved residue that forms a hydrogen bond to 
the active-site Asp-27 and to the amino group of methotrexate through a fixed water molecule, was replaced 
by valine. The kinetic scheme is identical in form with the wild-type scheme, although many of the rate 
constants vary, including a decrease in the association rate constants and an increase in the dissociation 
rate constants for folate ligands, a decrease in the hydride-transfer rate constant in both directions, and 
an increase in the intrinsic pK, of Asp-27. Overall, replacement of Thr-113 by Val decreases the binding 
of folate substrates by ~ 2 . 3  kcal/mol. These multiple complex changes on various ground and transition 
states underscore the optimal properties of a strictly conserved residue in the evolution of catalytic function. 

D i h  ydrofolate reductase (5,6,7,8-tetrahydrofolate:NADP 
oxidoreductase, EC 1.5.1.3) catalyzes the NADPH-dependent 
reduction of 7,8-dihydrofolate (H2F)' to 5,6,7,8-tetrahydro- 
folate (H,F). This enzyme is necessary for maintaining in- 
tracellular pools of H4F and its derivatives, which are essential 
cofactors in the one-carbon-transfer reactions utilized in the 
biosynthesis of purines, thymidylate, and several amino acids. 
In  addition it is the target enzyme of a group of antifolate 
drugs that are widely used as antitumor and antimicrobial 
agents such as methotrexate (MTX), trimethoprim (TMP), 
and pyrimethamine. Because of its biological and pharma- 
cological importance, dihydrofolate reductase (DHFR) has 
been the subject of intensive structural and kinetic studies. The 
structures of the Escherichia coli, Lactobacillus casei, and 
chicken liver enzymes have been determined to 1.7-A resolution 
for some binary and ternary complexes (Bolin et al., 1982; 
Filman et al., 1982; Matthews et al., 1985). In addition, a 
complete kinetic scheme for wild-type DHFR has been derived 
from pre-steady-state and steady-state kinetics (Fierke et al., 
1987a). Despite knowledge of the kinetics and the identities 
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of the amino acids at the active site of DHFR, the function 
of the amino acids in binding and catalysis is unclear. We 
have utilized site-directed mutagenesis combined with detailed 
kinetic analysis to establish structure-function relationships 
for E.  coli DHFR. 

Site-directed mutagenesis is a powerful tool that has been 
used to elucidate the functional role of individual amino acids 
in DHFR (Villafranca et al., 1983, 1987; Chen et al., 1985, 
1987; Howell et al., 1985, 1987; Mayer et al., 1986; Taira et 
al., 1987a; Taira & Benkovic, 1988; Benkovic et al., 1988). 
The substrate H2F, binds tightly to dihydrofolate reductase 
in a conformation with the pteridine ring nearly perpendicular 
to the p-aminobenzoyl group (Bolin et al., 1982; Filman et al., 
1982). The binding site is lined with several strictly conserved 
amino acids. One of these, Thr- 1 13, forms one hydrogen bond 
with Asp-27, the proton-donating residue (Howell et al., 1985), 
and another with the amino group of methotrexate (and 
presumably H2F) indirectly through a bound water molecule. 
In this work we investigate the importance of these hydrogen 

' Abbreviations: H2F, 7,8-dihydrofolate; H4F, 5,6,7,8-tetrahydro- 
folate; DHFR, dihydrofolate reductase; MTX, methotrexate; TMP, 
trimethoprim; NADPH, NH, reduced nicotinamide adenine dinucleotide 
phosphate; NADP, N, nicotinamide adenine dinucleotide phosphate; 
DAM, 2,4-diamino-6,7-dimethylpteridine; Fol, folate. 
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bonds for binding and catalysis by determining the complete 
kinetic scheme for the Thr-113 - Val mutation (Chen et al., 
1985). We then evaluate the wild-type and mutant kinetic 
schemes in terms of their overall efficiency under physiological 
conditions. 

MATERIALS AND METHODS 

Materials 
7,8-Dihydrofolate (H,F) was prepared from folic acid by 

the method of Blakley (1960), and (6s)-tetrahydrofolate 
(H4F) was prepared from H2F by using dihydrofolate re- 
ductase (Mathews & Huennekens, 1960) and purified on 
DE-52 resin eluting with a triethylammonium bicarbonate 
linear gradient (Curthoys et al., 1972). NADPH, NADP, 
trimethoprim (TMP), methotrexate (MTX), and folic acid 
were purchased from Sigma Chemical Co. 2,4-Diamino- 
6,7-dimethylpteridine (DAM) was purchased from ICN 
Pharmaceuticals. [4'(R)-2H]NADPH was prepared (Stone 
& Morrison, 1982) by using Leuconostoc mesenteroides al- 
cohol dehydrogenase obtained from Research Plus, Inc., and 
purified by the method of Viola et al. (1979). The concen- 
trations of the ligands were determined spectrophotometrically 
by using the following extinction coefficients: H2F, 28 000 M-l 
cm-' at 282 nm, pH 7.4 (Dawson et al., 1969); H4F, 28 000 
M-' cm-' at 297 nm, pH 7.5 (Kallen & Jencks, 1966); folic 
acid, 27600 M-l cm-' at 282 nm, pH 7.0 (Rabinowitz, 1960); 
TMP, 6060 M-' cm-' at 271 nm in 0.1 M acetic acid (Roth 
& Strelitz, 1969); MTX, 22 100 M-' cm-' at 302 nm in 0.1 
M KOH (Seeger et al., 1949); DAM, 6900 M-l cm-' at 346 
nm, pH 6.0 (Brown & Jacobsen, 1961); NADPH, 6200 M-' 
cm-' at 339 nm, pH 7.5; and NADP, 18 000 M-' cm-' at 259 
nm, pH 7.0 (P-L Biochemicals, 1961). The concentration of 
H4F was also determined enzymatically by using a molar 
absorbancy change for the 10-formyl-H4F synthetase reaction 
of 12000 M-' cm-' at 312 nm (Smith et al., 1981). The 
concentration of H2F or NADPH was also determined enzy- 
matically by using a molar absorbancy change for the di- 
hydrofolate reductase reaction of l l  800 M-' cm-' at 340 nm 
(Stone & Morrison, 1982). 

The Val- 1 13 mutant was constructed by Ruth Mayer, as 
previously described (Chen et al., 1985), by primer extension 
of oligonucleotides (Smith, 1985) using as the template par- 
tially single-stranded plasmid DNA in which a 1-kb fragment 
containing the DHFR 001) gene (Smith & Calvo, 1980) was 
inserted into the BamH1 site of a 4.4-kb pBR322 derivative 
plasmid lacking the EcoRl site (Taira et al., 1987a). Val-113 
DHFR was purified from an E .  coli mutant strain SF32 
(Singer et al., 1985), transformed with thefol plasmid en- 
coding the Val-1 13 mutant DHFR. The SF32 strain, a gen- 
erous gift from Sara Singer, is a mutant E. coli strain con- 
taining a recA56 allele and apparently devoid of DHFR ac- 
tivity (fol-200). This strain was used to prevent contamination 
of the mutant (Val- 11 3) protein preparations with chromo- 
somal wild-type DHFR. Purification was carried out by using 
a methotrexate affinity resin method described by Baccanari 
et al. (1977). The concentration of purified DHFR was de- 
termined by methotrexate titration (Williams et al., 1979). 
Met hods 

All measurements were performed at 25 OC in a buffer 
containing 50 mM 2-(N-morpholino)ethanesulfonic acid, 25 
mM tris(hydroxymethyl)aminomethane, 25 mM ethanol- 
amine, 100 mM sodium chloride, 1 mM ethylenediamine- 
tetraacetate, and 1 mM dithioerythritol (MTEN buffer). Over 
the pH range used, the ionic strength of this buffer remains 
constant (Ellis & Morrison, 1982). Additionally, in some cases 
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the buffer was purged with argon, which had no observable 
effect on the kinetics. 

Steady-State Kinetics. Initial velocities for dihydrofolate 
reductase reactions were determined by measuring the rate 
of either the enzyme-dependent decrease in H2F and NADPH 
or, in the reverse direction, the increase in H2F and NADPH 
at 340 nm (Fierke et al., 1987) using a molar absorbancy 
change of 11 800 M-' cm-' (Stone & Morrison, 1982). DHFR 
was preincubated with NADPH or NADP before turnover was 
initiated to remove hysteretic behavior (Penner & Frieden, 
1985). The inhibition constant of DAM, Ki,obs (the observed 
dissociation constant of DAM from the EmNADPH-DAM 
complex), was obtained by plotting l /v  versus the inhibitor 
concentration (Segel, 1975). These data were fit by using the 
program RS1 run on a Micro-Vax. Ki,app was calculated from 
Ki,obs as 

Ki,app = Ki,obs/(l + [H2F1 /KM) (1) 
Transient Kinetics. Binding and pre-steady-state kinetics 

were obtained by using a stopped-flow apparatus, operating 
in either a fluorescence or transmittance mode, built in the 
laboratory of Johnson (1986) that has a 1.6-ms dead time, a 
2-mm sample cell, and a thermostated sample cell. Inter- 
ference filters (Corion Corp.) were used on both the light input 
(excitation) and output (emission). In most cases the for- 
mation of an enzymesubstrate complex was followed by using 
a 290-nm interference filter on the excitation input and then 
monitoring either the quenching of the intrinsic enzyme 
fluorescence with an output filter at the emission wavelength 
of 340 nm or the enhancement of coenzyme fluorescence with 
an output filter of 450 nm (Lackowicz, 1983; Velick, 1958; 
Dunn & King, 1980). Transmittance measurements were 
made by using a 340-nm input filter and were later converted 
to absorbance. A molar absorbancy change for this reaction 
of 8500 M-' cm-I using the 340-nm bandpass filter was de- 
termined at low enzyme concentration (Fierke et al., 1987a). 
For slow reactions a neutral density filter (0.2-2.0 OD) was 
placed on the input to decrease the light intensity and thus 
decrease photobleaching of the sample. In most experiments 
the average of at least four runs was used for data analysis. 

Data were collected by a computer over a given time interval 
following a trigger impulse. All data were analyzed by an 
iterative, nonlinear least-squares fit computer program using 
a modification of the method of moments (Dyson & Isenberg, 
1971; Johnson, 1986). Kinetic data were analyzed with either 
a single exponential, a double exponential, or a single expo- 
nential followed by a linear rate. The data were then trans- 
ferred to a Vax microcomputer where a fit to more complicated 
models was tested by using the computer program KINSIM 
(Barshop et al., 1983). This latter method was used to estimate 
the rate constant for hydride transfer at various pH's. 

Fluorescence Titrations. Thermodynamic dissociation 
constants (KDs) were determined by fluorescence titration 
whereby the formation of the E-L complex was followed by 
measuring the quenching of the tryptophan fluorescence of 
the enzyme upon addition of ligand using an excitation 
wavelength of 290 nm together with an emission wavelength 
of 340 nm (Birdsall et al., 1980; Morrison & Stone, 1982; 
Taira & Benkovic, 1988). For MTX titration the enzyme 
concentration employed was 2.5 nM (>KD) with the excitation 
and emission slits set at 8 and 16 nm, respectively, to maximize 
the signal. A solution of tryptophan was used to determine 
the correction factor for the inner filter effect. The data were 
fit to eq 2, where ET is the enzyme concentration, F E  is the 
initial fluorescence, F E L  is the final fluorescence, and & is the 
total ligand concentration, by use of a nonlinear least-squares 
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Table 11: Dissociation Rate Constants: Competition Method 

Table I: Kinetic Bindine Constants: Relaxation Method 
~~ ~ ~~ ~ 

enzyme 10dko, (M-' s-]) koff (s-9 
lieand soecies Val-1 13 wild-twe Val-I 13 wild-tme 

HIF E 3 f l  42 f 2" 175 f 25 47 f 10" 
H4F E 6 f l  24 f 1" 29 f 10 51" 

DAM E 3.4 f 1 12 f I*  95 f 20 35 f 56 
E-NH 0.56 f 0.05 2.3 f 0.2" 66 f 4 10 f 3" 

N H  E 2 2 f  1 20 f l a  14 f 5 3.5 f 1.5" 

N E 4 f 1  13 f 3" 225 f 15 295 f 25" 
"Taken from Fierke et al. (1987a). *Taken from Taira and Benko- 

E*HIF 1.6 f 0.2 8 f 0.3" 63 f 5 85 f 20" 

vic (1988). 

fitting program, NLIN (Marquardt method) (Taira & Ben- 
kovic, 1988). 

F = FE - C(FE - F E L ) / ~ E T  ( 2 )  

where 
C = 2[E*L] = (ET + LT + KD) - 

[ ( E T  + LT + KDY - 

RESULTS 
Binding Kinetics-Relaxation Method. The rate constant 

for binding ligands to DHFR in either the cofactor or the folate 
binding site can be measured by following the quenching of 
the intrinsic enzyme fluorescence. In the formation of binary 
complexes of DHFR at saturating substrate concentration, two 
exponentials were observed: a rapid, ligand-dependent phase 
followed by a ligand-independent phase (Dunn et al., 1978; 
Dunn & King, 1980; Cayley et al., 1981). Similar behavior 
is observed for binding NADPH to either wild-type DHFR 
or Val-1 13 mutant DHFR; the ratio of the amplitude of the 
fast phase compared to the slow phase is 0.72 f 0.09 or 1.2 
f 0.1 for wild-type and Val-113, respectively, and the rate 
constant for the ligand-independent slow phase is 0.034 f 
0.005 or 0.05 f 0.006 s-l, respectively. In the formation of 
ternary complexes a single ligand-dependent exponential is 
observed as described by previous studies (Dunn et al., 1978; 
Dunn & King, 1980; Cayley et al., 1981). Cayley et al. (1981) 
concluded that this behavior is due to the mechanism shown 
in Scheme I, where substrate binds rapidly to only one of two 
enzyme conformers (at these substrate levels) and intercon- 
version between the conformers is slow. 

In the ligand-dependent reactions the observed first-order 
rate constants increased linearly with the ligand concentration, 
showing no sign of saturation. For a simple association re- 
action, the observed rate constant under pseudo-first-order 
conditions may be approximated by kob = kon[L] + k , ~ ,  where 
k ,  and koff are the association and dissociation rate constants, 
respectively. Thus, in a linear plot of kobs vs [L] the slope is 
k,, and the intercept is k,fp Assuming a simple association 
reaction for the ligand-dependent phase, the association and 
dissociation rate constants for binding H2F, H4F, NADPH, 
and NADP to both free enzyme and a variety of binary com- 
plexes were measured at pH 6 in MTEN buffer, 25 O C ,  and 
the results for Val- 1 13 and wild-type DHFR are displayed in 
Table I .  

Competition Experiments. The dissociation rate constant 
of a ligand from the DHFR-ligand complex can be measured 
by a competition experiment (Birdsall et al., 1980). In this 

trapping koff (s-') 

ligand" enzyme species" ligand" Val-1 13 wild-type 
H2F E*HZF 
H4F E.H,F 

E*N.H4F 
E*NH*H,F 

DAM EmDAM 
N H  E-NH 

E*H,F*NH 
E*Fol*NH 

N E-N 
E*H,F*N 

TMP 
MTX, TMP 
MTX, TMP 
MTX, TMP 
MTX, TMP 
N 
N 
N 
N H  
N H  

195 f 35 
38 f 3 
34 f 6 
70f 15 
120 f 5 
21 f 3  
60 f 4 
3.6 f 0.2 
230 f 25 
185 f 20 

22 f 56 
1.4 f 0.26 
2.4 f 0.2* 
12  f 2b 
2 4 f  le  
3.6 f 0.5b 
85 f lob 

290 f 20* 
200 f 206 

a Abbreviations: H2F, dihydrofolate; H4F, tetrahydrofolate; TMP, 
trimethoprim; MTX, methotrexate; DAM, 2,4-diamino-6,7-di- 
methylpteridine; N,  NADP; NH, KADPH; Fol, folate. *Taken from 
Fierke et al. (1987a). 'Taken from Taira et al. (1988). 

Table 111: Comparison of Equilibrium Binding Constants for 
Wild-Type and Val-113 DHFR at pH 6 and 25 OC in MTEN Buffer 

K D  
ligand Val-113 Thr-113 AAG (kcal/mol) 

MTX (nM) 0.5 f 0.1 0.02 f 0.07" 2.3 f 1.3 

H4F (pM) 4.8 * 2.4* 0.1 f 0.0lC 2.3 f 0.5 
NADPH (pM) 1.1 f 0.2 0.33 f 0.06' 0.71 f 0.22 
NADP (LLM) 36 f 3 24 f 4 0.2 f 0.1 

HzF (pM) 212 (45 f 20)* 0.22 f 0.06' >2.3 (3.1 f 0.5) 

"Taken from Taira and Benkovic (1988). *Calculated from KD = 
k,dk,. CTaken from Fierke et al. (1987a). 

technique the enzyme-ligand complex (E.Ll) is mixed with 
a large excess of a second ligand that competes for the binding 
site (see Scheme 11), and the formation of the new enzyme- 
ligand complex (EaL,) is monitored by a fluorescence change 
due to the difference in fluorescence quenching by the two 
ligands. When kl[Ll] << k2[L2] >> k-l ,  the fluorescence 
change is attributable to the conversion of EeL, to E.L2 
characterized by a single-exponential decay determined by the 
dissociation rate constant for L1, k-,. The validity of these 
conditions is checked by showing that kobs is independent of 
the concentration of both L1 and L2. Dissociation rate con- 
stants determined with this technique for both wild-type and 
Val- 1 13 DHFR for a variety of ligands in MTEN buffer, pH 
6, 25 O C ,  are shown in Table 11. 
Scheme I1 

E-L, 'k., E + L1 
k ,  

k 
E + L2 & E-L2 

k-2 

Measurements of Thetmodynamic Dissociation Constants. 
The binding of MTX, NADPH, and NADP to DHFR was 
determined by following the decrease in enzyme fluorescence 
that occurs upon formation of DHFR-ligand complexes. The 
data for the resulting fluorescence titration curves were fit to 
eq 2 in order to calculate the thermodynamic dissociation 
constants (KD). Values for KDs for Val-1 13 and wild-type 
DHFR are listed in Table 111. A comparison of the results 
for the rate and equilibrium constants for H4F, DAM, 
NADPH, and NADP shows that the assumption of a simple 
association step for the ligand-dependent step is reasonable. 
The dissociation rate constants measured by the two tech- 
niques, relaxation and competition experiments, are identical, 
showing that there are no slow isomerization steps following 
association. Furthermore, the ratio of koff /k0 ,  is similar to 
the observed KD measured in the steady state. For H2F 
binding to wild-type, the ratio of koff/kon does not correspond 
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Table IV: Steadv-State Parameters for Val-1 13 and Wild-TvDe DHFR in MTEN Buffer at 25 OC 

Val- 1 13 wild-type 
predicted measured measured 

100 pM, NADPH, varying H2F 
kat (s-') 35 32.9 f 0.5 12.3 f 0.7" 

PK, 7.74 7.81 f 0.15b 8.4c 

Hk/Dk (pH 9.5) 3.0 3.2 f 0.2b 2.9 f O.O@ 
"klDk (pH 5 . 5 )  1.5 1.54 f 0.08 1.0 f O.ld 

PK, 7.36 7.48 f 0.15b 8.lb 
k,,/KM (M-' S-') 1.9 x 106 (1.55 f 0.07) X IO6 (1.8 f 0.3) x 107" 

Hk/Dk (pH 5.5) 2.1 2.3 f 0.4 
Hk/Dk (pH 9.5) 3.0 3.0 f 0.4b 3.19 f 0.22d 

KM (pM) 18.4 21.4 f 1.1 0.7 f 0.2" 

kern+ W') 0.15 0.14 f 0.02 0.55 f 0.1 
180 r M  H4F, 2 mM NADP 

"Data taken from Fierke et al. (1987a). bData taken from Chen et al. (1985) and unpublished data from R. J.  Mayer and S. J.  Benkovic. CData 
taken from Stone and Morrison (19841. dData taken from Chen et al. (19871. 

Scheme 111: pH-Independent Kinetic Scheme for Val-1 13 Dihydrofolate Reductase in MTEN Buffer, 25 OC" 

"The heavv arrows indicate the kinetic Dathwav for steady-state turnover at saturation substrate conditions. N, NADP; NH, NADPH; H2F, 
dihydrofolat; H4F, tetrahydrofolate. 

to the measured KD, suggesting that the binding of this ligand 
may involve either an isomerization step or binding to both 
El and E2. The viscosity dependence of association rates for 
ligand binding to DHFR suggests that these reactions are 
diffusion-controlled for wild-type (Penner & Frieden, 1987). 
In the Val-1 13 mutant the association rate constants for folate 
ligands have decreased by a factor of 4-lO-fold, which suggests 
that these rate constants are no longer diffusion-limited. 

Steady-State Kinetics. The steady-state kinetic parameters 
for the reaction of Val-1 13 DHFR with varied H2F at satu- 
rating NADPH (100 pM) were measured at pH 5.5 in MTEN 
buffer at 25 OC to be k,,, = 32.4 f 0.4 s-l, k,,,/KM = (1.5 
f 0.6) lo6 M-' s-l, and KM = 21.4 f 1.1 pM. Under identical 
conditions, the observed deuterium kinetic isotope effects, on 
the steady-state parameters were measured at 100 pM 
NADPD to be D(k,,,) = 1.54 f 0.08 and D(k, , /KM) = 2.3 
f 0.4. The rate of the reverse reaction (net conversion of H4F 
and NADP to form H2F and NADPH) was measured in the 
steady state from the increase in absorbance at 340 nm. The 
observed rate was 0.02 AOD340/min when Val-1 13 DHFR 
(0.397 pM) was added to H4F (310 pM) and NADP (2.0 
mM) in MTEN buffer, pH 10.0, 25 OC. The rate of this 
reaction was virtually unaffected when the concentration of 
either substrate was halved or the pH was decreased to 9.0, 
which implies that this is the pH-independent saturated rate 
constant for turnover, so k,, = 0.14 f 0.02 s-l. The steady- 
state kinetic parameters for Val-1 13 and wild-type DHFR are 
summarized in Table IV. 

Pre-Steady-State Experiments. The rate constant for hy- 
dride transfer from NADPH to H2F can be determined from 
the rate constant and amplitude of a burst of product formation 
measured in pre-steady-state experiments. Val-1 13 DHFR 
was preincubated with NADPH or NADPD and diluted 2-fold 
into H2F to initiate the reaction, which was monitored by 
measuring a decrease in absorbance due to disappearance of 
NADPH(D) and H2F using a 340-nm bandpass filter, as 
shown in Figure 1 at pH 6, MTEN buffer, 25 OC. From a 
comparison of the NADPH and NADPD data it is apparent 

c I I I I I I I 

'0 L IO 2 0  30  4 0  5 0  60 70 

MI II seconds 

FIGURE 1 : Measurement of the pre-steady-state burst by stopped-flow 
absorbance spectroscopy. DHFR is preincubated with NADPH or 
[4'(R)-ZH]NADPD, and the reaction is initiated by addition of H2F. 
Final conditions are 9.8 p M  Val-1 13 DHFR, 86.5 p M  NADPH (D), 
and 112 W M  H2F in MTEN buffer, pH 6.0, 25 O C .  The solid line 
is simulated by the computer program K I N S I M  (Barshop & Frieden, 
1983) using the rate constants shown in Scheme 111 except for Hkh,d 
= 155 s-I and Dkhyd = 49 s-' a t  pH 6.0. 

that there is an isotope effect on both the burst rate constant 
and the steady-state turnover rate. When these data are fit 
by the simple model of a single-exponential decay followed 
by a linear rate, the observed kinetic parameters are kbunt = 

0.06 (H), 0.27 f 0.06 (D); and k,, = 30.9 f 1.2 s-l (H), 18.6 
f 1.2 s-' (D). Both the small amplitude and the small isotope 
effect of 1.7 on the pre-steady-state rate suggest that hydride 
transfer is not the sole rate-limiting step in the pre-steady-state. 
The rate constant for hydride transfer was thus estimated by 
using the computer simulation program KINSIM (Barshop & 
Frieden, 1983) with the kinetic scheme shown in Scheme I11 
to provide the best fit of the observed pre-steady-state data. 
(As will be discussed in the next section, all of the rate con- 
stants in this scheme, except for hydride transfer from 
NADPH to H2F, were determined independently.) The sim- 
ulated curves shown in Figure 1 were determined with KINSIM 

185 f 20 s - ~  (H), 105 f 30 s - ~  (D); ampburst/[E] = 0.35 f 
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?.Or 

50t 
FIGURE 2: Observed rate constant for hydride transfer catalyzed by 
Val-113 DHFR as a function of pH. Final conditions are 10 fiM 
DHFR, 1 12 pM H2F, and 87 pM NADPH in MTEN buffer, 25 OC. 
The rate constant for hydride transfer is calculated by using KINSIM 
and Scheme 111 as described in the text. The solid line is fit to the 

using Hkhyd = 155 f 10 s-' and Dkhyd = 49 f 5 s-I, which 
means that the intrinsic deuterium isotope effect is 3.2 f 0.5, 
consistent with the value measured at high pH for Val- 11 3 
and for wild-type (see Table IV). 

Like wild-type DHFR, the steady-state kinetics of Val-1 13 
are pH dependent, which can be fit by a single pKa with 
decreasing rate as the pH increases (Chen et al., 1985). To 
determine the intrinsic pKa of the E.NH.H2F ternary complex, 
we measured the pH dependence of the observed hydride- 
transfer rate constant as shown in Figure 2. The hydride- 
transfer rate constants were estimated by using KINSIM as 
described for Figure 1. When these data are fit to a single 
pKa by using a nonlinear least-squares fitting program, the 
pH-independent rate constant for hydride transfer is calculated 
to be khyd = 165 f 5 s-l, and the pKa of the ternary complex 
is 7.08 f 0.05. Thus, the rate of hydride transfer is slower 
than that for wild-type (khyd = 950 f 50 s-'), and the pKa is 
higher than that for wild-type (pKa = 6.5 f 0.1) (Fierke et 
al., 1987a). 

pH Dependence of DAM Inhibition. To determine the pKa 
of the E-NH binary complex, the pH dependence of inhibition 
of Val- 1 13 DHFR turnover by a folate substrate analogue, 
2,4-diamino-6,7-dimethylpteridine (DAM), was measured. 
Analysis of the pH dependence of competitive inhibition will 
generally yield the correct pKa value (Cleland, 1977). The 
variation of the observed pKi,app for inhibition of Val-1 13 
DHFR by DAM as a function of pH yields the bell-shaped 
curve shown in Figure 3, which when fit to eq 3 for two pKas 

yields pKi = 6.96 f 0.06, PKA = 6.96 f 0.07, and pKB = 5.56 
f 0.13. The pKB = 5.56 is due to protonation of the N-1 
nitrogen of DAM, which has been directly determined to be 
pKa = 5.75 f 0.03 and has been shown to decrease inhibitor 
binding to wild-type DHFR (Stone & Morrison, 1983). The 
PKA value of 6.96 must reflect the pKa of a group on the 
enzyme since DAM does not have a group with a pKa value 
in this region. This pK, agrees well with the pKa of 7.08 
measured for the pH dependence of the hydride-transfer rate 
and, similar to wild-type, is likely due to Asp-27 (Howell et 
al., 1986). 

DISCUSSION 
Summary of Overall Kinetic Scheme. From the data 

presented under Results it is possible to construct a complete 
kinetic scheme for Val-1 13-DHFR-catalyzed reduction of H2F 

PH 

FIGURE 3: Variation with pH of the pKi, (-log Ki,app) for inhibition 
of V-113 DHFR by 2,4diamin+6,7-dime8ylpteridine. The theoretical 
curve is drawn according to eq 3, where pKi = 6.96, pKA = 6.96, and 

Scheme IV: pH-Dependent Kinetic Scheme for Val- 1 13 
Dihydrofolate Reductase in MTEN Buffer, 25 O C '  

PKB 5.56. 

4pM-'s-'[ H,F] 
' '!:F 

h 
220 5-I 

E" \ 

h 
PK, = 6.96 1 IpK,=?.06 

ON, N A D P  NH, NADPH; H2F, dihydrofolate; H4F, tetrahydro- 
folate. 

as shown in Scheme 111. The heavy arrows indicate the kinetic 
pathway for steady-state turnover under saturating conditions. 
The association and dissociation rate constants for the for- 
mation of all binary complexes and the formation of the 
ternary complex, E.NH.H4F, were measured directly as well 
as the dissociation rate constants from E-N.H4F. Direct 
measurement of the association and dissociation rate constants 
for formation of the substrate ternary complex, E.NH.H2F, 
is impossible, as this complex is reactive. Since folate is a poor 
substrate for E .  coli DHFR (Stone & Morrison, 1986), it was 
used as a H2F analogue to estimate the association and dis- 
sociation rate constants for binding NADPH to E.H2F. The 
association and dissociation rate constants for binding H2F 
to E-NH were assumed to be the same as binding to E, as 
observed for wild-type DHFR (Fierke et al., 1987a), which 
balances the equilibrium binding within the closed system. The 
enzyme-catalyzed rate constant for hydride transfer from 
NADPH to H2F in the protonated ternary complex (H-E- 
NH.H2F) is the observed hydride-transfer rate extrapolated 
to low pH, khyd = 165 s-l (Figure 2). The rate constant for 
hydride transfer in the reverse direction (H4F to NADP) was 
estimated to be 0.17 s-l from the observed steady-state rate 
constant in this direction at pH 10 with saturating substrates. 
Hydride transfer is the main rate-limiting step under these 
conditions since it is rate-limiting in the forward direction at 
high pH (Hkc,t/Dkcat = 3.0) and the measured product 
(NADPH and H2F) dissociation rate constants are fast. 

The pH dependence of this reaction is illustrated in Scheme 
IV. A single pKa of 7.08 is observed in the pre-steady-state, 
which is the pKa for the E.NH.H2F complex. An identical 
pKa is measured for the E.NH binary complex from the pH 
dependence of competitive inhibition by DAM. In this study 
there is no evidence for slow (<300 s-l) proton transfer between 
either enzyme and solvent or enzyme and H,F. 

A good test of the validity of Schemes I11 and IV is a 
comparison of the measured steady-state parameters with those 
predicted from this model as shown in Table IV. Steady-state 
kinetic parameters for the proposed scheme (Schemes I11 and 
IV) were determined by double-reciprocal plots of data sim- 
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ulated by using the computer program KINSIM (Barshop et al., 
1983) at a variety of substrate concentrations and pHs and 
assuming that the binding rate constants are pH independent 
as observed for wild-type DHFR (Fierke et al., 1987a). The 
isotope effect data were simulated by using an intrinsic isotope 
effect on hydride transfer of 3 as measured for wild-type and 
other mutant DHFR proteins (Fierke et al., 1987a; Chen et 
al., 1987). The identical steady-state kinetic parameters can 
also be calculated from the steady-state kinetic expressions 
for this model described in the Appendix of Chen et al. (1987). 
Thus, Schemes I11 and IV can adequately predict all of the 
observed steady-state kinetic behavior, as shown in Table IV. 
In addition, the internal equilibrium constant, Kin, = 970, can 
be scaled to the overall pH-independent equilibrium constant 
of 1.3 X 10” M-’ (Fierke et al., 1987a) within experimental 
error, where K, = Kin,(l/Ka)(K4/K2) = (6.5 f 5) X 1Olo M-’ 
(Scheme V). 
Scheme V 

40, 
E + H H*E + N H  + HPF H.E*NH.H,F e 

K. K2 

E-N-H4F E + N + H4F 

The steady-state kinetic expressions for these schemes 
predict varying rate-limiting steps under a variety of conditions. 
At low pH under k,, conditions there is no single rate-limiting 
step; hydride transfer, NADP dissociation, and H4F dissoci- 
ation from E.NH.H4F all contribute to the observed steady- 
state turnover. At high pH hydride transfer becomes solely 
rate-limiting, as evidenced by the large observed isotope effect. 
Under k,,/KM conditions at low pH both H2F binding and 
hydride transfer contribute to the observed rate constant, while 
at high pH hydride transfer again becomes completely rate- 
limiting. The observed pKas in both k,, and k,,/KM are 
perturbed upward from the intrinsic pKa of the ternary com- 
plex due to the nonequilibrium binding of H2F for k,,/KM 
and the change in rate-limiting steps for kat. 

Comparison of Wild- Type and Val-I I3 DHFRs. Thr- 1 13 
is a strictly conserved residue in the H2F binding site that from 
the X-ray crystal structure (Bolin et al., 1982) interacts with 
the proton-donating residue, Asp-27 (Howell et al., 1986), via 
one hydrogen bond and with the 2-amino group of metho- 
trexate (and by analogy, H2F) indirectly through a hydrogen 
bond with a fixed water molecule. In the Val-1 13 mutant, the 
methyl group of valine replaces the hydroxyl group, causing 
the disruption of one or two hydrogen bonds. 

In the study of mutant proteins it is necessary to assess the 
structural integrity of the mutant. Recent crystallographic 
studies indicate that point mutations are in general accom- 
modated by very minor adjustments of the tertiary protein 
structure along with changes in the position of solvent mole- 
cules (Howell et al., 1986; Sprang et al., 1987; Alber et al., 
1987). We have examined thermodynamic dissociation con- 
stants, kinetic binding constants, and the conformational states 
of DHFR to estimate the effect of the single amino acid change 
on structure. The mutation Thr-113 - Val has little or no 
effect on the binding of NADP but does slightly weaken the 
binding of NADPH by increasing the NADPH dissociation 
rate constant about 4-fold (Tables 1-111). As illustrated in 
Scheme I, E.  coli DHFR exists in two slowly interconverting 
conformational states, El and E2. The change of Thr-113 to 
Val produced little change in the relative E, and E2 distri- 
butions, with no effect on the rate constant for conversion of 
E2 to E,. From these results, along with the similarity in the 
overall kinetic scheme to wild-type, we conclude that the 
Val-113 mutation has the same gross conformation as the 
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wild-type, although the mutation does affect the nicotinamide 
binding pocket to a small extent, as well as the folate binding 
pocket. We cannot rule out local conformational changes of 
either the protein or the bound substrate. 

The overall kinetic scheme of Val- 1 13 is identical in form 
with wild-type, although many of the rate constants differ. 
Several key features of these schemes (Scheme 111; Fierke et 
al., 1987a) are the following: (i) The rate constant for 
steady-state turnover at neutral pH is partially or completely 
limited by H4F release. (ii) Dissociation of H4F is fastest from 
the mixed ternary E.NH-H4F complex, so that the kinetic 
pathway for steady-state turnover at saturating substrate 
follows a specific, preferred pathway in which H4F dissociation 
from DHFR occurs after NADPH replaces NADP; conse- 
quently, successive catalytic cycles are interlocked. (iii) The 
internal equilibrium constant for hydride transfer on the en- 
zyme, Kin,, is large [Kin,(pH 7) = 380 (wild-type), 513 (V- 
1 13)], partially reflecting the favorable equilibrium constant 
for formation of H4F and NADP in the overall equilibrium 
[K,,(pH7) i= lo4]. 

Despite these similarities, the replacement of a hydroxyl 
group with a methyl group at position 11 3 affects the mag- 
nitude of many rate constants in the kinetic scheme. First, 
this mutation decreases the binding of substrates and inhibitors 
in the folate binding site by about 2.3 kcal/mol (Table 111). 
This overall decrease in binding is due to both a 5-10-fold 
decrease in the association rate constant (0.9-1.4 kcal/mol) 
and a 9-25-fold increase in the dissociation rate constant 
(1.3-1.9 kcal/mol, see Tables I and 11). These overall changes 
in free energy for removal of a hydroxyl group are larger than 
those of 0.5-1.5 kcal/mol observed by Fersht et al. (1985) for 
loss of a single hydrogen bond to an unchanged donor in the 
enzyme tyrosyl synthetase. It is likely that in this mutation 
(Thr-113 - Val) the apparent binding energy for interaction 
of O H  with the substrate, AGaPP, is not due solely to the 
incremental binding energy of a single hydrogen bond, AGbhd 
(Fersht, 1988). Additional factors that could contribute to 
the observed loss of binding energy include (i) small structural 
changes in the folate binding site, (ii) unfavorable steric in- 
teractions between the methyl group of Thr-113 and either 
bound ligand or nearby side chains, and (iii) movement of 
active-site water molecules. 

Second, the Thr-113 to Val mutation affects the pKa of the 
active-site Asp-27; it increases from a pKa of 6.5 in the 
wild-type (already a perturbed pKa) to 7.05 in the mutant, an 
increase in AAG of 0.75 kcal/mol. There is no evidence that 
this mutation substantially decreases the rate constant for 
proton transfer. The crystal structure for the wild-type enzyme 
(Filman et al., 1982; Bolin et al., 1982) shows that Thr-113 
forms a hydrogen bond with Asp-27, presumably in both the 
protonated and unprotonated forms. From the above results 
we conclude that in the hydrophobic environment of the active 
site of DHFR the hydrogen bond stabilizes the carboxylate 
to a larger extent than the acid, thus causing an increase in 
pKa in the mutant. This conclusion is consistent with those 
of Fersht (1985, 1988) suggesting that hydrogen bonds to 
charged acceptors are stronger than those to uncharged ac- 
ceptors. In addition, the kinetics of this mutation clearly 
illustrate that Thr-113 is not absolutely required in the 
pathway for protonation of Asp-27 from solvent (Chen et al., 
1985). 

Finally, the rate constant for hydride transfer from NADPH 
to H2F in the H.E.NH-H2F complex is decreased 6-fold (1 .O 
kcal/mol) in the Val-I 13 mutant compared to wild-type. The 
rate constant for hydride transfer from H4F to NADP on the 
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FIGURE 4: Plot of log khyd versus pKa of Asp-27 for mutations in the 
folate binding site. k,, and the pK, for Tyr-31, Val-31 (Taira et al., 
1987a), wild-type (Fierke et al., 1987a), and Val-1 13 DHFRs were 
determined from pre-steady-state kinetics and for Gly-54 and [Gly-54, 
Val-3 11 DHFRs were determined from steady-state kinetics (Mayer 
et al., 1986; Mayer and Benkovic, unpublished results). 

enzyme is also decreased 3.5-fold (0.7 kcal/mol), which means 
that the overall internal equilibrium constant is largely 
unaffected [1583 (wild-type) vs 971 (V-113)]. Owing to the 
difference in pK,s, at high pH the ratio between the observed 
forward rate constants for hydride transfer is smaller [khyd(pH 
9) = 3 s-I (wild-type) vs 1.8 s-, (V-l13)] and the observed 
internal equilibrium constant is more favorable for V-113 
[Kint(pH 9) = 5 (wild-type) vs 11 (V-l13)]. At neutral pH 
the increased pKa of Asp-27 largely compensates for the de- 
creased forward hydride-transfer rate constant. Thus, in this 
mutant the decrease in the rate constant for hydride transfer 
may be correlated with a decrease in the acidity of Asp-27. 
This phenomenon is not general in DHFR mutants; in a large 
number of mutants in the folate binding site there is no cor- 
relation between the rate constant for hydride transfer, khydr 
and the pK, of Asp-27 as illustrated in Figure 4. Alterna- 
tively, the decrease in the hydride-transfer rate constant (khyd) 
can be correlated with the decrease in binding in the folate 
binding sites ( K D )  for a large number of mutants including 
V-113 (Benkovic et al., 1988). 

From the complete kinetic schemes for wild-type and 
Val-1 13 DHFR it is possible to construct a reaction coordinate 
diagram for turnover at defined substrate concentrations. We 
have chosen to use substrate concentrations approximating 
those of the E.  coli cell, namely, 1 .O mM NADPH, 1.5 mM 
NADP (Lilius et al., 1979), 0.3 pM H2F and 13 pM H4F (D. 
Duch, personal communication), and 0.1 M NaCl, pH 7.0, 
25 OC. The two diagrams (Figure S), aligned at the binary 
E.NADPH complex, clearly illustrate that under these con- 
ditions the Thr-113 - Val mutation causes two major effects: 
(i) the binding of H2F and H4F is decreased and (ii) the 
equilibrium constant for hydride transfer is unaffected, but 
the transition state is destabilized. Thus, two nonchemical 
steps are partially rate-limiting: H2F binding and H4F dis- 
sociation. Although under these conditions the overall reaction 
strongly favors H4F formation (Kep = 450), the assumed 
concentration of H4F causes accumulation of E.NH.H4F and 
E.N-H4F during steady-state turnover. 

Given the definition of the kinetic sequence, one can cal- 
culate the net velocity, u,,:, for formation of NADP and H4F 
as described by Segel (1975). The net velocity as a function 
of microscopic rate constants for the major pathway during 
steady-state turnover (Scheme VI) is shown in eq 4. We can 
then use the net velocity to calculate the catalytic efficiency 
of mutant and wild-type DHFRs. As defined by Albery and 
Knowles (1 976), an efficient enzyme will mediate a high flux 
of substrate to product with a maximum catalytic flux defined 
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FIGURE 5: Gibbs free energy coordinate diagrams for E.  coli wild-type 
(-) and Val-1 13 mutant ( - - - )  dihydrofolate reductase aligned at 
the substrate binary complex, E.", calculated for the following 
conditions: 1 .O mM NADPH, 1.5 mM NADP, 0.3 pM H2F, 13 pM 
H4F, and 0.1 M NaC1, pH 7.0, 25 O C .  The designations T and U 
refer to transition state and uniform binding, respectively. 

by the diffusion-limited rate constant for binding substrate to 
enzyme. Since the concentration of NADPH is so much larger 
than that of H2F, we have chosen to calculate the theoretical 
maximum velocity, v,,:/ [E], employing the measured asso- 
ciation rate constant of 4 X lo7 M-' S-I for H2F binding to 
wild-type E-NH as a diffusion-controlled process (Penner & 
Frieden, 1987; Fierke et al., 1987a), so that under these 
conditions vn,:/[E] = 12 s-I. [The maximum velocity would 
be affected by any mechanism, such as channeling, that 
changes the association rate constant (Young et al., 1985).] 
The efficiency, Ef, of an enzyme is calculated from the ratio 
of the observed net velocity to the theoretical maximum ve- 
locity. 
Scheme VI 

ki(HzF) k ks kd"1 , E", ENH 
k, ' HZFx EH4F 

The calculated efficiency for wild-type DHFR, 16% (Table 
V), is high, although less than that observed for triosephosphate 
isomerase, 60% (Albery & Knowles, 1976). In the absence 
of H4F the efficiency of DHFR increases to 37%, and it is clear 
from an examination of Figure 5 that ground-state destabi- 
lization of E-NH.H4F might represent a means for improving 
the efficiency. Although theoretically the efficiency of DHFR 
could be increased, all of the active-site mutations studied to 
date have decreased efficiency (Table V) due to an unfavorable 
compensation between an increased product dissociation rate 
constant, k9, and a decreased rate constant for binding H,F, 
k , ,  or hydride transfer, k3. For example, the decrease in 
efficiency in Val-1 13 DHFR is caused mainly by a 10-fold 
decrease in k , .  Consequently, the division of free energy 
change of the chemical reaction into the steps exhibited in 
Figure 5 is a satisfactory solution to the problem of catalyzing 
the given reactions under the presumed conditions. As dis- 
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Table V: Efficiency of DHFR Mutants: Physiological Conditions 
enzyme u..,'/[E] (s-l) % efficiencp 
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wild-type 
Phe-31 - Tyr 
Thr-113 - Val 
Phe-31 - Val 
Leu-54 - Gly 
[Asp27 - Ser, Thr-113 - Gly] 
Asp-27 - Ser 
Asp-27 - Asn 
Thr-113 - Glu 
[Leu-54 - Glv. Phe-31 - Val1 

1.9' 
1 .2b9c 
0.31a 
0.27b9c 
0.030b*d 
0.0026b*e 
9.2 X loqb$ 
6.6 X 
3.0 X 10"b" 
1.4 X 

16 
10 
2.6 
2.2 
0.25 
0.022 
0.008 
0.0055 
0.0003 
0.0001 

L- ,, 

"Calculated as described in the text for 0.3 pM HzF, 1 3  pM H4F, 
pH 7.0, 25 "C. *Calculated as .,.$/[E] = (k,$/KMf)[H2F]/(1 + 
[HZF]/KM~ + [HpF]/&,'), where KMr = 10KMf. cTaken from Chen et 
al. (1987). dTaken from Mayer et al. (1986). eTaken from Howell et 
al. (1987). /Taken from Howell et al. (1986). 

cussed elsewhere (Fierke et al., 1987b), the efficiency of 
wild-type DHFR could be further optimized to 0.8 by (i) 
destabilizing the intermediates and E$2F and the asso- 
ciated transition state by about 2.0, 3.0, and 1.8 kcal/mol, 
respectively, and (ii) stabilizing the transition state for hydride 
transfer by about 0.4 kcal/mol. 

In terms of the evolution of catalytic behavior (Albery & 
Knowles, 1976), hypothetical improvements in enzyme effi- 
ciency may be achieved by three means: uniform binding in 
which the free energies of internal ground and transition states 
change equally; differential binding in which the free energies 
of the internal intermediates and their associated transition 
states vary relative to one another in a linear fashion; and fine 
tuning of the free energy of a specific transition state. The 
Thr-113 to Val DHFR mutation is manifest in both uniform 
free energy changes for the intermediates and EH4F and 
the intervening transition state as well as a specific effect on 
the transition state in hydride transfer. Differential effects 
are exhibited by the remaining intermediates. Mutants of 
@-galactosidase (Hall et al., 1983) and tyrosyl-tRNA 
synthetase (Ho & Fersht, 1986) likewise show no clean sep- 
aration of uniform, differential, or transition-state binding 
processes. It appears likely that strictly conserved active-site 
residues can be expected to manifest multiple effects on key 
ground and transition states, so that in an evolutionary sense 
all the energetic aspects of turnover may be sampled simul- 
taneously. Consequently, when was this residue incorporated? 
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ABSTRACT: Ketol acid reductoisomerase is an enzyme of the branched-chain amino acid biosynthetic pathway. 
It catalyzes two separate reactions: an acetoin rearrangement and a reduction. This paper reports on the 
purification of the enzyme from a recombinant Escherichia coli and on the steady-state kinetics of the enzyme. 
The kinetics of the reaction were determined for the forward and reverse reaction by using the appropriate 
chiral substrates. At saturating metal ion concentrations the mechanism follows an ordered pathway where 
NADPH binds before acetolactate. The product of the rearrangement of acetolactate, 3-hydroxy-3- 
methyl-2-oxobutyrate, is shown to be kinetically competent as an intermediate in the enzyme-catalyzed 
reaction. Starting with acetolactate, Mg2+ is the only divalent metal ion that will support enzyme catalysis. 
For the reduction of 3-hydroxy-3-methyl-2-oxobutyrate, Mn2+ is catalytically active. Product and dead-end 
inhibition studies indicate that the binding of metal ion and NADPH occurs randomly. In the forward 
reaction direction, the deuterium kinetic isotope effect on V / K  is 1.07 when acetolactate is the substrate 
and 1.39 when 3-hydroxy-3-methyl-2-oxobutyrate is the substrate. 

ng+2 
x e  enzyme acetohydroxy acid reductoisomerase (2,3-di- 
hydroxyisovalerate:NADP+ oxidoreductase; EC 1.1.1.86) is 

The two natural 
substrates for the enzyme differ in the identity of the R group 

VD- + N A D P H  + H+ 
found in the branched-chain amino acid biosynthetic pathway. 
It catalyzes the reaction indicated in eq 1. 

that undergoes migration. In compound I, when R is methyl, 
biosynthesis proceeds to ultimately produce either valine or 

R' OH 

I 

e- 

HO 0 - R H O  H 

I 1  

D "WO- + NADP*  (1) 
leucine. For the compound where R is ethyl, the ultimate 
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